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Abstract There is growing interest in links between
poor health and socio-environmental inequalities (e.g.
inferior housing, crime and industrial emissions) under
the environmental justice agenda. The current project
assessed associations between soil metal content, air
pollution (NO2/PM10) and deprivation and health
(respiratory case incidence) across Glasgow. This is
the first time that both chemical land quality and air
pollution have been assessed citywide in the context of
deprivation and health for a major UK conurbation.
Based on the dataset ‘averages’ for intermediate
geography areas, generalised linear modelling of
respiratory cases showed significant associations with
overall soil metal concentration (p = 0.0367) and with
deprivation (p \ 0.0448). Of the individual soil met-
als, only nickel showed a significant relationship with
respiratory cases (p = 0.0056). Whilst these associa-
tions could simply represent concordant lower soil
metal concentrations and fewer respiratory cases in the
rural versus the urban environment, they are interesting
given (1) possible contributions from soil to air
particulate loading and (2) known associations
between airborne metals like nickel and health. This
study also demonstrated a statistically significant
correlation (-0.213; p \ 0.05) between soil metal
concentration and deprivation across Glasgow. This
highlights the fact that despite numerous regeneration
programmes, the legacy of environmental pollution
remains in post-industrial areas of Glasgow many
decades after heavy industry has declined. Further
epidemiological investigations would be required to
determine whether there are any causal links between
soil quality and population health/well-being. How-
ever, the results of this study suggest that poor soil
quality warrants greater consideration in future health
and socio-environmental inequality assessments.
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Introduction
Many studies have shown that populations exposed to
high concentrations of potentially harmful elements
(PHE) such as As, Cr, Cu, Ni, Pb, Se and Zn in the
environment can have their health adversely affected
(Mielke et al. 2011; Nriagu 2011; Selinus 2005;
Skinner and Berger 2003; WHO 1996). Although
these metals/metalloids (hereafter metals) occur nat-
urally in soil, concentrations can be elevated as a result
of anthropogenic activities such as industrialisation,
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transportation and waste disposal, particularly in
urban environments (e.g. Birke and Rauch 2000;
Fordyce et al. 2005; Johnson et al. 2011; Wong 1996).
High concentrations of these metals in soil can cause
health problems in some cases if high-level exposure
occurs over long periods of time. For example, Chiang
et al. (2011) reported associations between incidences
of oral cancer in populations exposed to high soil Cr
and Ni associated with electroplating industries in
Taiwan. Mielke et al. (2005) also demonstrated a
strong inverse association between metals in soil/dust
in elementary schools in New Orleans and the
educational achievement of school children, with high
blood–Pb concentrations linked to learning and
behavioural difficulties. Studies have also demon-
strated associations between seasonal variability in
blood–Pb levels in children and the re-suspension of
urban soils into the atmosphere (e.g. Laidlaw and
Filippelli 2008; Zahran et al. 2013). Concerns have
also been expressed about the concentrations of metals
(particularly As, Cd, Hg, Ni and Pb) and potential
childhood exposure in urban day care centre soils in
Norway, leading to a nationwide remediation pro-
gramme (Ottesen et al. 2008). However, some other
studies demonstrate no adverse health effects from
contaminated land (RCEP 1996). Associations
between terrestrial pollution and health in Western
societies are often complex and causal links are hard to
establish. The health impacts of some metals and the
combinations of metals are yet to be fully understood
(Selinus and Frank 2000).
However, the links between air pollution and health
have been well established (DEFRA 2010; Dockery
and Pope 1994; Patel et al. 2009), and UK guidelines
have been set to improve air quality in order to protect
health (UK Air Quality Archive 2007). Air quality has
improved greatly since the introduction of the UK
Clean Air Acts in 1956 and 1968; however, exposure
to high levels of air pollution can still lead to irritation
of the lungs, attacks for asthmatics and increased risks
for those with lung or heart problems (DEFRA 2010).
The concept of environmental justice developed in
the United States in the 1980s. It aims to remedy
unequal distributions of socio-environmental prob-
lems such as poor housing, poor air quality, pollution
and access to services for all communities (Bullard
2005). In recent years, there has been growing interest
in socio-environmental inequalities and impacts on
health in Europe since rights ‘to live in an environment
adequate to a person’s health and well-being’ were
incorporated in the 1998 Aarhus pan-European con-
vention on the environment (ESRC-GECP 2001;
WHO 2010). Several studies have now demonstrated
links between socio-environmental problems such as
poor-quality housing, crime, litter, poor air quality,
proximity to pollution sources and deprivation in the
United Kingdom under initiatives such as the envi-
ronmental justice agenda (e.g. ESRC-GECP 2001;
FoE 2001; Walker et al. 2003). In Scotland, previous
work under the environmental justice agenda explored
the potential health impacts within neighbourhoods of
eight environmental factors such as industrial emis-
sions, derelict land, landfill, quarries, woodlands,
green space, river water quality and air quality
(Scottish Government 2005). These issues were ana-
lysed in conjunction with the Scottish Index of
Multiple Deprivation (SIMD 2010). Results reported
by Fairburn et al. (2005) demonstrated associations
between socially deprived areas and air pollution,
derelict land and river water quality. However,
chemical land quality was not assessed and investiga-
tions into links with pollution were preliminary
(Scottish Government 2005). Similar studies have
been carried out in other parts of the United Kingdom
using green space and the agricultural/nature conser-
vation value of land as land quality indicators (e.g.
Midgely et al. 2005; TEP 2007), but none of these
studies included the chemical quality of land.
To examine the relationships between chemical
land quality and deprivation indicators, Glasgow was
selected for the present study as it has a long history of
urbanisation and industrialisation resulting in
increased concentrations of metals in the soil. These
have been mapped by the British Geological Survey
(BGS) showing soil metal concentrations are elevated
in the city up to three times that of rural soil in the area
(Fordyce et al. 2005, 2012). Of the fourteen UK cities
studied, Glasgow was reported to have the highest
median soil Cr concentration (Fordyce et al. 2005).
This was in large part due to the history of metal
processing in the city. The world’s largest chromite
ore processing works were located in south-east
Glasgow from 1830 to 1968. In the past, waste from
the works was used as fill material around the city,
leading to concerns about potential health impacts on
the local population (Farmer and Jarvis 2009). How-
ever, previous investigations found no evidence of
adverse health effects (Eizaguirre-Garcia et al. 1999;
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Watt et al. 1991) and in recent years, the Cr-
contaminated sites are being capped and remediated
to reduce exposure to airborne dusts (Farmer and
Jarvis 2009). Nonetheless, the BGS soil dataset
provides an opportunity to test whether the poor
chemical quality of land is spatially coincident with
indicators of poor health and deprivation in the largest
city in Scotland. This is the first time that chemical
land quality, air quality, deprivation and health
datasets have been combined for a major UK city.
However, the purpose of this investigation was not to
prove links between particular soil metals or air
pollutants and specific health problems or to carry out
an epidemiological study, rather to consider spatial




To examine the relationships between the datasets used
in this study, the data were required to have a common
spatial scale. Since the study was dealing with health
data, it was difficult to obtain data at small geograph-
ical scales due to confidentiality issues. Therefore, the
smallest geographical scale for which health data were
routinely available was the intermediate geography
zone (IGZ). The IGZs were devised by the Scottish
Government to present statistical data; they approxi-
mate to parliamentary constituencies and local author-
ity boundaries but each IGZ includes c.4000
households of similar social characteristics (Scottish
Government 2011) (Fig. 1). All map generation and
geostatistical processing were carried out in ArcGIS
9.2 Geographical Information System (GIS) software
(Environmental Systems Research Institute, ESRI).
Chemical land quality data
Chemical land quality information was provided by the
BGS Geochemical Baseline Survey of the Environment
(G-BASE) soil geochemistry dataset for Glasgow. The
G-BASE soil sampling of Greater Glasgow (including
Paisley, East Kilbride and Dumbarton) was carried out
between 2001 and 2002, whereby 1,381 urban soil
samples were collected on a systematic grid at a density
of 4 per km2, whilst 241 rural soil samples were
collected from the outskirts of Glasgow from every
second km2. A hand-held Dutch auger was used to
collect two separate soil samples at each site; a top soil
(5–20 cm) and a deeper soil (35–50 cm) sample each
comprising a composite from the corners and centre of a
20 9 20 m square (Fordyce et al. 2012; Johnson 2005).
The top soil starting depth is recorded as 5 cm to take
account of any non-soil vegetative/grass roots, which
often constitute the first few centimetres of the soil
profile and have to be removed. The G-BASE top soil
sample nonetheless comprises the top-most soil material
in the profile. The top soil data only were used in this
study as the public are more likely to come into contact
with surface soil rather than deeper soil whether via
hand-to-mouth contact in children; airborne re-suspen-
sion of soil particulates or consumption of home-grown
vegetables. Samples were air- and oven-dried at
\30 C, sieved to \2 mm, ground and analysed by
X-ray Fluorescence Spectrometry (XRFS) (Fordyce
et al. 2012). The subset of G-BASE soil data used for the
present project comprised spatially registered total
element concentrations of As, Cr, Cu, Ni, Pb, Se and
Zn and K (Table 1). Potassium was included as a
generally non-harmful control element. The other
elements were chosen as they were deemed of potential
concern to human health under the current UK
Contaminated Land Exposure Assessment (CLEA) soil
quality guidelines (EA 2009) or the former UK soil
trigger values (ICRCL 1987). Although the CLEA
guidelines also include soil Cd and Hg, Hg is not
analysed in the G-BASE survey and the majority of Cd
data were below the detection limit, hence could not be
incorporated into the study. Exploratory data analysis
revealed the soil metals data were highly positively
skewed; therefore, geometric means of the data were
taken as an average measure. Since a considerable
departure from symmetry can cause difficulties in
statistical assessments, the data were log-transformed
for the purposes of the further geostatistical analysis
carried out as part of the project (Morrison 2011). The
soil data were in the form of point locations and were
available for 279 IGZs in the Glasgow area (Fig. 1). To
compare the soil information with the other datasets, the
data were aggregated by taking the raw untransformed
geometric mean concentrations of each metal for each
IGZ. However, as Fig. 1 shows, some of the rural IGZs
around Glasgow contained only a few soil samples and
this resulted in greater uncertainty in the summary
measures in the peripheral areas. The large rural IGZs
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around Glasgow were clipped to the spatial extent of the
G-BASE soil dataset for presentation purposes and to
avoid averaging into areas of no data.
In addition to the individual concentrations for each
metal, to assess general land quality with the other
datasets, an overall measure was produced, combining
soil metal concentrations into a single indicator of soil
quality across the region. This was done using the log-
transformed soil data for As, Cr, Ni, Pb and Se—the
elements of potential concern to human health under
the current UK CLEA guidelines (EA 2009). The key
stages in developing this soil metal index were as
follows:
1. For each metal, soil concentrations were classed
into decile percentiles based on the cumulative
distribution function (cdf) of the data and assigned
a score from 1 to 10 such that higher concentra-
tions were allocated a higher score.
2. Scores for the five metals were summed together
to generate a total soil metal index for each soil
sample point.
Table 1 Summary statistics for Glasgow top soil metal con-
centrations (from Fordyce et al. 2012)
Metal
(mg kg-1)
Mean SD Min Median Max
As 10.8 10.6 1.1 9.1 282.8
Cr 121.6 130.3 28.5 107.0 4286.0
Cu 70.5 120.0 2.9 47.8 3679.9
Ni 52.6 43.8 2.3 45.7 1038.1
Pb 167.9 210.5 13.4 118.3 5001.0
Se 1.0 0.7 0.1 0.9 14.5
Zn 189.4 175.4 13.7 144.4 1780.8
K (wt%) 1.4 0.3 0.3 1.3 3.1
SD Standard deviation, Min Minimum, Max Maximum
Fig. 1 Intermediate geography zones (IGZs) (SNS 2010); soil sample locations and IGZ geometric mean top soil Ni concentrations
(derived from Fordyce et al. 2012) across the Glasgow study area
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3. Mean total metal scores within each IGZ were
then computed and presented in map format.
This relatively simple index was used as a summary
measure of overall land quality; it does not indicate
land likely to pose a threat to health (Fig. 2). Similar
indices aggregating soil element concentrations to
give a pollution index have been used in the analysis of
soil data from other European cities (e.g. in Lithuania,
Gregorauskiene et al. 2011).
Air quality data
Data on air quality consisted of ambient air pollution
concentrations of nitrogen dioxide (NO2) and partic-
ulate matter (PM10). These parameters were selected
as they are routinely monitored across Scotland.
Modelled average (mean) pollution concentrations
recorded at the IGZ level were used for the study.
These were recorded as population-weighted means
over the three-year period between 2002 and 2004
(Scottish Air Quality 2010) and were available from
the Scottish Neighbourhood Statistics Website (SNS
2010). Modelled estimates were used since data and
individual monitoring sites were not available on a
small enough scale for this study. However, there was
no uncertainty available on these measurements, so
they were assumed to be known mean concentrations
within the corresponding IGZs. Background concen-
trations were selected for the present study as they
were recorded distant from potential sources, so were
more representative of general air pollution levels in
the city than kerbside or roadside locations (Fig. 3).
Health data: respiratory cases
Respiratory disease was chosen as the health indicator
dataset selected for this study because it is one of the
most common diseases in Scotland—therefore had
substantial counts—and because it forms part of the
Fig. 2 Map of combined soil metal index scores for each IGZ across the Glasgow study area (derived from Fordyce et al. 2012)
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Scottish Government health strategy (Scottish Gov-
ernment 2007). More importantly, respiratory disease
is known to have biologically plausible links with the
air pollutants and the soil contaminants selected for
this study (DEFRA 2010; WHO 1996). The respira-
tory case data were available from the Information
Services Division (ISD) of the National Health Service
(NHS) of Scotland and were extracted from SNS
(2010), with corresponding age- and sex-specific data
available from ISD (2010). The data comprised the
total number of hospital admissions in the year 2002
expressed as rates per 100,000 population recorded for
each IGZ. Common methods of presenting health-
based information include using the raw counts or the
rate per head of population. However, these measures
do not take into account the age and sex distribution of
each IGZ, although it is widely accepted that there are
differences in disease prevalence between the sexes
and that older people and those who smoke are more
likely to develop respiratory disease (ISD 2010). As a
result, for the purposes of this study, standardised
incidence ratios (SIRs) were generated to adjust for the
population age and sex structure across Greater
Glasgow (Morrison 2011) (Fig. 4). Standardised inci-
dence ratios are commonly used in summarising
health data and compare the observed versus expected
number of cases in each IGZ based on age- and sex-
specific rates from a standard population. A SIR of 1
indicates parity between the expected and observed
Fig. 4 Map of respiratory case SIRs for each IGZ across the Glasgow study area (from SNS 2010)
Fig. 3 Mean a NO2 and b PM10 air pollution concentrations for
each IGZ across the Glasgow study area (from SNS 2010)
b
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number of cases (Sahai and Khurshid 1996). No
information on smoking habit was available to take
into account in this study, but deprivation has been
used as a proxy indicator for smoking in similar
studies (Lee et al. 2009).
Deprivation data
Data on deprivation for this study were taken from the
Scottish Index of Multiple Deprivation (SIMD 2010).
It offers a relative measure of how deprived an area is
for each data zone (DZ) in Scotland ranked from 1
(most deprived) to 6,505 (least deprived). The latest
version of the SIMD was developed in 2009 using
seven domains: health, education, employment, hous-
ing, income, access to services and crime (SIMD
2009). Since part of this project was to assess the
relationships between health and deprivation across
Glasgow, it was important to note that health was one
of the domains included in the SIMD. Directly
comparing these two variables would have produced
erroneous conclusions, as health would have been
accounted for in both datasets. Therefore, a new
ranking system was constructed for the current project
that excluded the health domain. The same methods
and weighting scheme adopted by the SIMD (2009)
were applied, but computing the ranks across six
domains, minus health. As with the SIMD (2009),
from this deprivation index of ranks, a classification of
deciles was developed, whereby the ranks were
grouped into ten equally distributed percentiles, by
areas with similar deprivation characteristics. In this
index, decile 1 represented the most deprived, whilst
decile 10 corresponded to the least deprived DZ. Data
zones represent smaller areas than IGZs; therefore, to
convert the decile index from DZ level to IGZ level,
the median value of the DZs within each IGZ was
taken (Fig. 5).
Statistical modelling and analysis
Initial assessments of the associations between the
soil, air, respiratory case and deprivation datasets for
the 279 IGZs across Glasgow were carried out using
Pearson’s correlation coefficients, taking the 5 %
significance level (p \ 0.05) (Stockburger 2001).
These were used to test the strength of linear
association between any two variables, although for
the respiratory case data, these did not take into
account other potential confounding factors. The
relationships with respiratory cases were then exam-
ined in more detail using generalised linear modelling
(GLM). Normal linear modelling describes the
expected value of the response variable as a linear
combination of a set of explanatory variables (predic-
tors) assuming a normal distribution. GLM is a
generalisation of ordinary regression that—via a link
function—allows the model to accommodate response
variables that have non-normal distributions and/or
that are nonlinearly related to the predictor variables
(Wood 2006). GLM has been used in previous studies
to assess associations between health indicators
(response variable), air pollution and deprivation
(predictors) (e.g. Lee et al. 2009). In the present
study, GLM with a log-link function was used to
model the SIRs for respiratory cases (Morrison 2011).
When incorporating soil contaminants into the regres-
sion analysis, various approaches were explored.
There were drawbacks to each approach. One possible
method was to include all individual soil metal IGZ
geometric means in the model. However, initial
assessments of the soil metal data revealed that many
were strongly correlated with each other (see next
section and Table 2). This multi-collinear relationship
caused problems when carrying out regression mod-
elling. Multi-collinearity occurs when two or more
variables are strongly correlated with one another and
neither have a statistically significant impact on a
regression model when the other is accounted for. To
avoid multi-collinearity, soil metals were included in
the model one at a time. Although this approach was
adopted for the initial assessments, it overlooked a
considerable amount of information for the other soil
metals; hence, the results from models in which
individual soil metals were included were treated with
caution. As a second approach, the soil metal index for
each IGZ was used to represent the land quality
covariate in the model. Therefore, GLMs were
produced separately to assess associations between
the respiratory cases (response variable) and (1)
individual soil contaminants and (2) the index of soil
metals as a land quality indicator. In each case, the soil
metal indicator was added as the first predictor
variable, whilst deprivation and air quality were added
subsequently to the GLMs. In each of the models, a
standard 5 % significance level (p \ 0.05) was con-
sidered. Model selection used Akaike’s information
criterion (AIC), which measures the goodness of fit of
326 Environ Geochem Health (2014) 36:319–332
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a model based on the number of parameters included
and the maximised likelihood for the model. The
minimum AIC identified the ‘best-fit’ model (Wood
2006). All statistical analysis was carried out using the
open source R code (CRAN 2009).
Results and discussion
Spatial distributions
The natural and anthropogenic controls on the spatial
distributions of soil metals across Glasgow have been
described by Fordyce et al. (2012). This information
and the IGZ maps of Glasgow prepared for the present
study revealed that geometric mean soil metal con-
centrations were elevated in urban areas relative to
rural areas (e.g. Ni, Fig. 1). The exception was K,
which was included in the study as a control metal
element. Concentrations of K were higher in soils in
rural areas around Dumbarton and south-east of
Glasgow due to the presence of sandstones and
glacio-fluvial sand and gravel deposits (Fordyce
et al. 2012; Morrison 2011). Higher individual soil
metal concentrations and combined soil metal index
scores were recorded in the south-west Glasgow—
Table 2 Pearson’s correlation matrix of IGZ soil metal geo-
metric mean concentrations
As Cr Cu Ni Pb Se Zn
Cr 0.214
Cu 0.520 0.356
Ni 0.524 0.477 0.777
Pb 0.469 0.260 0.794 0.581
Se 0.706 0.214 0.390 0.343 0.365
Zn 0.393 0.377 0.797 0.611 0.758 0.286
K 0.131 -0.066 0.026 -0.010 -0.019 0.009 0.009
n = 279, r = 0.118 (p \ 0.05) (Stockburger 2001). Figures shown
in italics are statistically significant
Fig. 5 Median deprivation deciles for each IGZ across the Glasgow study area, based on reconstructed SIMD (SIMD 2010) excluding
the health domain
Environ Geochem Health (2014) 36:319–332 327
123
Paisley area; the shipbuilding centre in the River
Clyde corridor to the west of the city centre and in the
former industrial heartland in the east of the city
(Figs. 1, 2). In the case of soil Ni, high values to the
south-east of Glasgow around East Kilbride reflect the
presence of basic volcanic bedrock in this area (Fig. 1)
(Fordyce et al. 2012).
For air pollution, higher mean concentrations of
both NO2 and PM10 were present in the city centre and
urban areas of Glasgow than rural areas, as expected
(Fig. 3). In terms of the health indicator, respiratory
case SIRs were higher in eastern Glasgow but high
incidences were also reported in the Paisley area as
well as the south-west and north-west of the city
(Fig. 4). The SIMD data revealed a partially similar
pattern in that the most deprived areas were clustered
in east, south-east and north-east Glasgow but several
urban IGZs also had high levels of deprivation in the
Paisley and Dumbarton areas. Several rural IGZs on
the urban fringe were also classed as highly deprived
due to the influence of the urban periphery on the IGZ
classification (Fig. 5).
Initial statistical assessments of environment
versus health and deprivation indicators
As an initial assessment of the soil data, Pearson’s
correlation coefficients between each of the IGZ
geometric mean metal concentrations were computed
(Table 2). Statistically significant ([0.118; p \ 0.05)
associations were observed between all soil metals,
with the exception of K as expected. Potassium was
included in the study as a control element as it is
generally non-harmful and had a different spatial
distribution from the other elements (Fordyce et al.
2012; Morrison 2011). The significant correlations
between the other soil metals reflect the generally
higher contents in urban versus rural soil and the fact
that in urban soil impacted by pollution, several metal
concentrations are elevated at the same location
(Fordyce et al. 2012; Morrison 2011).
Relationships between the environment, health and
deprivation datasets were also explored initially using
Pearson’s correlation coefficients (Table 3). It should
be noted that correlations with the deprivation index
are negative as decile 1 represents the most deprived
and decile 10 the least deprived areas. All variables
showed a statistically significant correlation with one
another. A very strong correlation (0.978; p \ 0.05)
was observed between air NO2 and PM10, as expected.
Soil metal index score also showed significant corre-
lations with air quality (0.392 NO2; 0.389 PM10;
p \ 0.05) indicating a spatial association between the
two environmental media. Deprivation not only dem-
onstrated significant correlations with air pollution
(-0.286 NO2; -0.307 PM10; p \ 0.05) but with soil
metal index score (-0.213; p \ 0.05) as well. The
associations between deprivation and poor air quality
were to be expected as they have been documented by
previous studies (e.g. Fairburn et al. 2005).
However, the results for the soil metal index are
important in the context of the environmental justice
agenda as they demonstrate for the first time in the
United Kingdom that chemical land quality is poorer
in deprived areas across a city such as Glasgow. This
relationship may reflect the fact that a substantial
portion of the population still lives in former industrial
areas in Glasgow such as the East End and the River
Clyde corridor. Following clearance of former indus-
trial sites, this poorer-quality land is often cheaper and
more available for low-cost housing. Although heavy
industry declined decades ago and some of these areas
have been regenerated and redeveloped more than
once, the legacy of high soil metal concentrations
remains as metals have long residency times in soil.
The results suggest that even today, the population in
deprived areas is potentially at greater risk of exposure
to higher soil metal concentrations than in other areas.
The initial results also showed a moderately signif-
icant correlation between deprivation and respiratory
cases (-0.397; p \ 0.05). Namely, respiratory case
incidences were higher in areas of greater deprivation.
Respiratory case SIRs also initially showed significant
correlations (0.222–0.262; p \ 0.05) with air pollution
and soil metal index score (Table 3). However, these
Table 3 Pearson’s correlation matrix of IGZ soil metal index,








Soil metal index 0.262
Deprivation -0.397 -0.213
Air NO2 0.222 0.392 -0.286
Air PM10 0.230 0.389 -0.307 0.978
n = 279, r = 0.118 (p \ 0.05) (Stockburger 2001). Figures
shown in italics are statistically significant
328 Environ Geochem Health (2014) 36:319–332
123
associations should be treated with caution since
potential confounding factors were not taken into
account in these preliminary univariate statistical
comparisons. Therefore, the relationships between
the respiratory cases and the environmental factors
were explored further as follows.
GLM of respiratory case rates versus soil metals,
deprivation and air pollution
In order to identify associations between respiratory
cases and possible causal environmental factors that
were plausible rather than coincidental, GLM statis-
tical assessments were carried out. Since the main
interest in this study was to assess spatial relationships
between a health indicator and land quality, the
respiratory case SIRs response variables were mod-
elled against soil metal content in the first instance
before the other environmental variables were added
as predictors in the models.
With the soil metal index as the only covariate in
the model, a statistically significant relationship with
respiratory case SIRs was observed initially
(p \ 0.0001) (Morrison 2011). This association
remained significant (p = 0.0367) even when depri-
vation and air pollution were taken into account
(Table 4). The least deprived deciles showed a
statistically significant negative relationship with
respiratory case SIRs in the model (p \ 0.0448),
namely the wealthier areas had lower rates of respi-
ratory cases as expected. Surprisingly, the most
deprived deciles showed no significant relationship
with respiratory case incidence (Table 4). This may be
because ‘averaging’ the deprivation classes for the
IGZs from the more detailed DZ areas resulted in some
low decile values for mixed rural–urban areas on the
edge of Glasgow due to the influence of deprived areas
on the urban periphery (Fig. 5). These largely rural
areas on the urban fringe are not where most respira-
tory admissions are likely to occur. Respiratory case
SIRs did not show a statistically significant relation-
ship with air pollution (NO2 p = 0.0718, Table 4);
however, air pollution was kept in the final model
based on minimum AIC (Morrison 2011).
When modelling individual soil metal IGZ geo-
metric means, soil Ni showed a significant relationship
(p = 0.0056) with respiratory case SIRs even when
deprivation and air NO2 were included (Table 5).
These results are interesting because Ni is a known
respiratory irritant (EA 2009) and Ni in air particulates
has been linked to increased respiratory disease in
previous studies (e.g. Patel et al. 2009).
However, it should be emphasised that no causal
links between respiratory cases and soil metal content
are implied by these results as information on
Table 4 GLM output of respiratory case SIRs against soil
metal index, deprivation index deciles and air NO2
Coefficient Estimate SE p value
Intercept -0.6147 0.1956 0.0019
Soil metal index 0.0102 0.0048 0.0367
Decile 2 0.1069 0.1274 0.4022
Decile 3 0.1783 0.1242 0.1525
Decile 4 -0.0861 0.1628 0.5975
Decile 5 -0.1789 0.1465 0.2231
Decile 6 -0.3713 0.1841 0.0448
Decile 7 -0.4928 0.2140 0.0221
Decile 8 -0.5078 0.2100 0.0163
Decile 9 -0.4859 0.2014 0.0165
Decile 10 -0.5831 0.2580 0.0246
Air NO2 0.0099 0.0055 0.0718
AIC 381.62
Deprivation Deciles: 1 = most deprived; 10 = least deprived.
Figures shown in italics are statistically significant
SE Standard error
Table 5 GLM output of respiratory case SIRs against soil Ni
concentration, deprivation index deciles and air NO2
Coefficient Estimate SE p value
Intercept -0.5814 0.1785 0.0013
Soil Ni geometric mean 0.0031 0.0011 0.0056
Decile 2 0.1351 0.1264 0.2863
Decile 3 0.1841 0.1234 0.1368
Decile 4 -0.0517 0.161 0.7484
Decile 5 -0.2037 0.1496 0.1744
Decile 6 -0.3451 0.1838 0.0616
Decile 7 -0.4926 0.2148 0.0226
Decile 8 -0.4959 0.2113 0.0197
Decile 9 -0.4637 0.201 0.0218
Decile 10 -0.6089 0.2584 0.0192
Air NO2 0.0138 0.0053 0.0101
AIC 380.96
Deprivation deciles: 1 = most deprived; 10 = least deprived.
Figures shown in italics are statistically significant
SE Standard error
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exposure linkages between soil and the population in
Glasgow is lacking. On the one hand, the results may
simply reflect the fact that soil metal concentrations
and respiratory disease incidence tend to be higher in
urban areas compared to the rural periphery of the city.
On the other hand, the results may indicate an
association between soil and air quality. This study
has shown spatial concurrence between poor air
quality and soil chemical quality, with higher soil
metal and air pollution concentrations in the urban
versus the rural environment around Glasgow. The
links between air particulates and respiratory disease
have been well established (DEFRA 2010; Dockery
and Pope 1994), and one of the main concerns in terms
of increased health risk is exposure to metals such as
Cr and Ni in PM10 air particulates as these have been
shown to cause pulmonary damage and increased
cases of respiratory disease (Bell 2012; Costa and
Dreher 1997). It is interesting to consider the contri-
bution that soil makes to airborne particulate material
and to concentrations of metals in air. Several studies
have demonstrated the importance of re-suspended
soil material to air particulate matter. Young et al.
(2002) found that during summer–autumn months,
74 % of airborne PM10 particulates were derived from
soil in Bakersfield, California. Wells et al. (2007),
Laidlaw and Filippelli (2008) and Laidlaw et al.
(2012) demonstrated similar results in cities across the
United States (US) with a seasonal correlation
between soil re-suspension and air Pb concentrations.
Recent work by Cave and Chenery (2010) in the
United Kingdom also suggests that perhaps 45 % of
the PM10 particulates in air may be soil-derived.
Furthermore, Laidlaw and Filippelli (2008) and Zah-
ran et al. (2013) found clear links between the re-
suspension of soil particles, concentrations of Pb in air
and seasonal variations in child blood lead levels in
several US cities demonstrating a soil–air particulate–
child exposure pathway. In another recent study,
Broadway et al. (2010) showed that the majority of Cr
present in Glasgow soils was in the CrIII form, which
is generally considered essential for human health.
However, CrVI—a known respiratory irritant and
carcinogen—was present in soils impacted by waste
from the former chromate ore processing plant located
in the south-east of the city. Laboratory-based tests to
simulate soil particulate inhalation demonstrated that
soil CrVI was bioaccessible. Therefore, in the context
of the environmental justice agenda, it cannot be ruled
out that exposure to soil metals, via inhalation of
windblown, airborne and household dust particles,
adds to the metal loading of populations in Glasgow
and that this exposure is likely to be greater in more
deprived areas due to the legacy of soil pollution in the
city. However, further investigations would be
required to assess soil–air–population relationships
more closely.
Conclusions
This study examined the relationships between respi-
ratory cases and soil and air quality and deprivation in
IGZs across Glasgow. Under the environmental justice
agenda, the links between deprivation and poor air and
water quality, derelict land and lack of access to green
space have already been established in the United
Kingdom but the chemical quality of land has not been
considered until now. This study has demonstrated for
the first time that there is a spatial association between
deprivation and poor soil chemical quality for a major
post-industrial UK city. Even decades after heavy
industry ceased, the legacy of the city’s industrial past
remains and soil metal concentrations are higher in the
more deprived areas of Glasgow. The results suggest
that the population in the more deprived areas of
Glasgow is potentially exposed to higher soil metal
concentrations than in other areas of the city.
This study has also shown that soil metal content
indicates a statistically significant association with
respiratory case incidence across the city even when
deprivation and air pollution are taken into account. It
should be stressed that no causal links between soil
metal content and respiratory disease are implied by
this study but the results are interesting given the
contribution soil metals may make to air particulates
and the known associations between air pollution and
health. Therefore, the relationships highlighted in this
study warrant further investigation.
None of the commonly used measures of depriva-
tion currently include an environmental factor. For
example, the SIMD is an index based on a number of
social and health indicators, but does not have an
environmental component. Although links between
soil chemical quality and health outcomes are difficult
to assess, it is nonetheless recommended that in order
to improve the environment and the quality of life in
deprived areas, chemical land quality should be taken
330 Environ Geochem Health (2014) 36:319–332
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into account in addition to indicators of air, water and
green space quality in deprivation and environmental
justice assessments in the future.
Acknowledgments Steven Morrison is grateful for the MSc
project sponsorship provided by the National Health Service
Scotland (NHS, Scotland) and the British Geological Survey
University (Natural Environment Research Council NERC)
Funding Initiative (BUFI). Mary Sweetland, NHS Information
Services Division (ISD) is thanked for her support of the
studentship. The project was also supported by the BGS Clyde
Urban Super Project (CUSP). Jenn Bow and Diego Diaz Doce,
BGS are thanked for assistance with GIS. Thanks also go to the
team of BGS Geochemical Baseline Survey of the Environment
(G-BASE) staff and student volunteers who generated the
Glasgow Soils dataset including Sarah Nice, Bob Lister, Dr
Louise Ander, Cathy and Andreas Scheib, Mark Allen, Mark
Ingham and Charlie Gowing. Dr Chris Johnson and Dr Diarmad
Campbell, BGS are thanked for their comments on the paper.
This paper is published with the permission of the Executive
Director of the British Geological Survey.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the
original author(s) and the source are credited.
References
Bell, M. L. (2012). Assessment of the health impacts of partic-
ulate matter characteristics. Research Report 161. Boston,
MA: Health Effects Institute.
Birke, M., & Rauch, U. (2000). Urban geochemistry: Investi-
gations in the Berlin metropolitan area. Environmental
Geochemistry and Health, 22(3), 233–248.
Broadway, A., Cave, M. R., Wragg, J., Fordyce, F. M., Bewley,
R. J. F., Graham, M. C., et al. (2010). Determination of the
bioaccessibility of chromium in Glasgow soil and the
implications for human health risk assessment. Science of
the Total Environment, 409(2), 267–277.
Bullard, R. D. (2005). The quest for environmental justice—
human rights and the politics of pollution. San Francisco:
Sierra Club Books.
Cave, M. R., & Chenery, S. (2010). Measurement of the geo-
genic contribution to PM10 daily dust samples collected in
Northampton. In Abstracts of the 27th society for envi-
ronmental geochemistry and health (SEGH) European
conference, Galway, Ireland, June 27–July 2, 2010.
Chiang, C. T., Chang, T. K., Hwang, Y. H., Su, C. C., Tsai, K. Y.,
Yuan, T. H., et al. (2011). A critical exploration of blood
and environmental chromium concentration among oral
cancer patients in an oral cancer prevalent area of Taiwan.
Environmental Geochemistry and Health, 33(5), 469–476.
Costa, X., & Dreher, X. (1997). Bioavailable transition metals in
particulate matter mediate cardiopulmonary injury in
healthy and compromised animal models. Environmental
Health Perspectives, 105(5), 1053–1060.
CRAN. (2009). The comprehensive R archive network. http://
cran.r-project.org/. Accessed December 2009.
DEFRA. (2010) Air quality. Department for Environment Food
and Rural Affairs. www.defra.gov.uk/environment/
quality/air/airquality/publications/airpoll/05.htm. Acces-
sed January 2010.
Dockery, D. W., & Pope, C. A. (1994). Acute respiratory effects
of particulate air pollution. Annual Reviews in Public
Health, 15, 107–132.
EA. (2009). Updated technical background to the contaminated
land exposure assessment (CLEA) model. Science Report
SC050021/SR3. Bristol: Environment Agency.
Eizaguirre-Garcia, D., Rodriguez-Andres, C., Watt, G. C., &
Hole, D. (1999). A study of leukaemia in Glasgow in
connection with chromium contaminated land. Journal of
Public Health Medicine, 21, 435–438.
ESRC-GECP. (2001). Environmental justice: Rights and means
to a healthy environment for all. Special Briefing No.7.
University of Sussex: Economic and Social Research
Council Global Environmental Change Programme.
Fairburn, J., Walker, G., Mitchell, G., & Smith, G. (2005).
Investigating environmental justice in Scotland: Links
between measures of environmental quality and social
deprivation. Edinburgh: Scottish and Northern Ireland
Forum for Environmental Research.
Farmer, J. G., & Jarvis, R. (2009). Strategies for improving
human health in contaminated situations: A review of past,
present and possible future approaches. Environmental
Geochemistry and Health, 31(2), 227–238.
FoE. (2001). Pollution and poverty—breaking the link. London:
Friends of the Earth.
Fordyce, F. M., Brown, S. E., Ander, E. L., Rawlins, B. G.,
O’Donnell, K. E., Lister, T. R. et al. (2005). GSUE: Urban
geochemical mapping in Great Britain. Geochemistry:
Exploration, Environment, Analysis, 5(4), 325–326.
Fordyce, F. M., Nice, S. E., Lister, T. R., O´ Dochartaigh. B. E´.,
Cooper, R., Allen, M. et al. (2012). Urban soil geochem-
istry of Glasgow. Open Report, OR/08/002. Edinburgh:
British Geological Survey. http://nora.nerc.ac.uk/18009/.
Accessed September 2012.
Gregorauskien _e, V., Tarasˇkevicˇius, R., Kadu¯nas, V., Radzev-
icˇius, A., & Zinkut _e, R. (2011). Geochemical characteris-
tics of Lithuanian urban areas. In C. C. Johnson, A.
Demetriades, J. Locutura, & R. T. Ottesen (Eds.), Mapping
the chemical environment of urban areas (pp. 393–409).
Chichester, UK: Wiley.
ICRCL. (1987) Guidance on the assessment and redevelopment
of contaminated land. Interdepartmental Committee for the
Redevelopment of Contaminated Land Guidance Note No.
59/83. London: Department of the Environment.
ISD. (2010). Information services division. National Health
Service, Scotland. www.isdscotland.org. Accessed Febru-
ary 2010.
Johnson, C. C. (2005). G-BASE field procedures manual.
Internal Report IR/05/097. Keyworth: British Geological
Survey.
Johnson, C. C., Demetriades, A., Locutura, J., & Ottesen, R. T.
(Eds.). (2011). Mapping the chemical environment of
urban areas. London: Wiley.
Laidlaw, M. A. S., & Filippelli, G. M. (2008). Re-suspension of
urban soils as a persistent source of lead poisoning in
Environ Geochem Health (2014) 36:319–332 331
123
children: A review and new directions. Applied Geo-
chemistry, 23, 2021–2039.
Laidlaw, M. A. S., Zahran, S., Mielke, H. W., Taylor, M. P., &
Filippelli, G. M. (2012). Re-suspension of lead contami-
nated urban soil as a dominant source of atmospheric lead
in Birmingham, Chicago, Detroit and Pittsburgh, USA.
Atmospheric Environment, 49, 302–310.
Lee, D., Ferguson, C., & Mitchell, R. (2009). Air pollution and
health in Scotland: A multicity study. Biostatistics, 10(3),
409–423.
Midgely, J., Ashton, N., Casstles, H., McNamara, J., Tocque, K.,
& Bellis, M. A. (2005). Health, environment & deprivation
in the North West of England. Liverpool: Centre for Public
Health.
Mielke, H. W., Alexander, J., Langedal, M., & Ottesen, R. T.
(2011). Children, soils, and health: How do polluted soils
influence children’s health. In C. C. Johnson, A. Demetri-
ades, J. Locutura, & R. T. Ottesen (Eds.), Mapping the
chemical environment of urban areas (pp. 134–150).
Chichester, UK: Wiley.
Mielke, H. W., Berry, K. J., Mielke, P. W., Powell, E. T., &
Gonzales, C. R. (2005). Multiple metal accumulation as a
factor in learning achievement within various New Orleans
elementary school communities. Environmental Research,
97, 67–75.
Morrison, S. (2011). Assessment of geo-environmental
inequalities in the Glasgow Conurbation. M.Sc., by
Research Thesis. Glasgow: University of Glasgow.
Nriagu, J. O. (Ed.). (2011). Encyclopaedia of environmental
health (Vol. 2). Burlington: Elsevier.
Ottesen, R. T., Alexander, J., Langedal, M., Haugland, T., &
Hoygaard, E. (2008). Soil pollution in day-care centres and
playgrounds in Norway: National action plan for mapping
and remediation. Environmental Geochemistry and Health,
30(6), 623–637.
Patel, M. M., Hoepner, L., Garfinkel, R., Chillrud, S., Reyes, A.,
Quinn, J. W., et al. (2009). Ambient metals, elemental
carbon, and wheeze and cough in New York City children
through 24 months of age. American Journal of Respira-
tory Critical Care Medicine, 180, 1107–1113.
RCEP. (1996). Sustainable use of soil. Royal Commission on
Environmental Pollution Nineteenth Report. London:
HMSO.
Sahai, H., & Khurshid, A. (1996). Statistics in epidemiology:
Methods, techniques, and applications. Boca Raton, FL:
CRC Press, Inc.
Scottish Air Quality. (2010). Air quality pollutants. www.
scottishairquality.co.uk/about.php?n_action=monitoring.
Accessed January 2010.
Scottish Government. (2005). Investigating environmental jus-
tice in Scotland: Links between measures of environmental
quality and social deprivation. Edinburgh: Scottish
Government.
Scottish Government. (2007). Better care, better health: Action
plan. Edinburgh: Scottish Government.
Scottish Government. (2011). Scottish neighbourhood statis-
tics: Intermediate geography background information.
http://www.scotland.gov.uk/Publications/2005/02/20732/
53083 Accessed January 2011.
Selinus, O. (Ed.). (2005). Essentials of medical geology.
Amsterdam: Elsevier.
Selinus, O., & Frank, A. (2000). Environmental medicine. In L.
Moller (Ed.), Medical geology (pp. 164–182). Stockholm:
Karolinska Institute.
SIMD. (2009). Overview and how to use the Scottish index of
multiple deprivation. www.scotland.gov.uk/Topics/
Statistics/SIMD. Accessed December 2009.
SIMD. (2010). Scottish index of multiple deprivation. www.
scotland.gov.uk/topics/statistics/simd. Accessed January
2010.
Skinner, H. C. W., & Berger, A. R. (Eds.). (2003). Geology and
health: Closing the gap. Part 1. New York: Oxford Uni-
versity Press.
SNS. (2010), Scottish neighbourhood statistics. www.sns.gov.
uk/Downloads/DownloadHome.aspx. Accessed January
2010.
Stockburger, D. W. (2001). Introductory statistics: Concepts,
models and applications. Missouri State University Ohio:
Atomic Dog Publishing.
TEP. (2007). Identifying spatial relationships between natural
environment quality and multiple deprivation. Report for
Natural Economy Northwest. Warrington: The Environ-
ment Partnership.
UK Air Quality Archive (2007). Air quality standards and
objectives. www.airquality.co.uk/standards.php. Accessed
January 2009.
Walker, G., Fairburn, J., Smith, G., & Mitchell, G. (2003).
Environmental quality and social deprivation. R&D
Technical Report E2-067/1/TR. Bristol: The Environment
Agency.
Watt, G., Eizaguirre, D., Gillis, C., Hole, D., Stewart, I., &
Symington, I. (1991). Assessment of the risk to human
health from land contaminated by chromium waste. Report
by the Department of Public Health. Glasgow: Greater
Glasgow Health Board.
Wells, K. C., Witek, M. L., Flatau, P. J., Kreidenweise, S. M., &
Westphal, D. L. (2007). An analysis of seasonal surface
dust aerosol concentrations in the western US
(2001–2004): Observations and model predictions. Atmo-
spheric Environment, 41(31), 6585–6597.
WHO. (1996). Trace elements in human nutrition and health.
Geneva: World Health Organisation.
WHO. (2010). Socio-environmentally determined health ineq-
uities among children and adolescents: Summary of out-
comes, background papers and country case studies.
Geneva: World Health Organisation.
Wong, J. W. C. (1996). Heavy metal contents in vegetables and
market garden soils in Hong Kong. Environmental Tech-
nology, 17(4), 407–414.
Wood, S. M. (2006). Generalised additive models, texts in sta-
tistical science series. London: Chapman and Hall/CRC.
Young, T. M., Heerman, D. A., Sirin, G., & Ashbaugh, L. L.
(2002). Re-suspension of soil as a source of airborne lead
near industrial facilities and highways. Environmental
Science and Technology, 36, 2484–2490.
Zahran, S., Laidlaw, M. A. S., McElmurry, S. P., Filippelli, G.
M., & Taylor, M. P. (2013). Linking source and effect: Re-
suspended soil lead, air lead, and children’s blood lead
levels in Detroit, Michigan. Environmental Science and
Technology, 47(6), 2839–2845.
332 Environ Geochem Health (2014) 36:319–332
123
